ABSTRACT
Among the surviving infants in the DV groups, 93% were free of neurological impairment vs 85% of surviving infants in the CTG-STV group (P = 0.049). All fetal deaths (n =
7
INTRODUCTION
No cure exists for fetal growth restriction (FGR). Only timely diagnosis, fetal surveillance and the decision to deliver the baby when the fetal condition deteriorates can reduce the risk of mortality and neurological impairment. No consensus exists for the best way to monitor and when to trigger delivery in early preterm FGR, although optimal timing of delivery could be crucial for the chance of healthy survival.
The Trial of Umbilical and Fetal Flow in Europe (TRUFFLE) study, carried out in 20 European perinatal centers, explored whether a monitoring method using abnormal ductus venosus (DV) Doppler measurements (defined as 'early' when pulsatility index (PI) was > 95 th percentile and 'late' when the A-wave was absent) as an indication for delivery could increase the chance of healthy infant survival in pregnancies complicated by FGR between 26 and 32 weeks' gestation compared with the standard monitoring method of abnormal findings on computed cardiotocography (CTG) 1, 2 . Survival without neurological impairment occurred more often in the group delivered for late DV changes than in the CTG group, and differences between the early and late DV groups were minimal 2 . However, reservations in the interpretation of the data were raised by the fact that only a proportion of fetuses allocated to delivery for DV changes actually delivered according to this criterion, the majority having been delivered according to safety-net criteria that were applied to all patients irrespective of their allocated group. In addition, all fetal deaths occurred in the DV groups. Differences in outcome between the DV groups were minimal and a proportion of the infants were delivered after 32 weeks, at which time the study protocol was no longer followed.
The primary aim of this post-hoc analysis was to assess the association between the most recent monitoring data before delivery and long-term infant outcome to elucidate how allocation to combined DV and CTG monitoring could have improved this in comparison to CTG monitoring alone. The secondary aim of the study was to analyze monitoring data in cases of fetal death.
METHODS
The study design has been described previously 1, 2 . Briefly, pregnant women with a singleton fetus at 26-32 weeks' gestation with very preterm FGR (fetal abdominal circumference < 10 th percentile and umbilical artery (UA) PI > 95 th percentile) were included in a 20-center European study (ISRCTN 56204499). Baseline maternal and fetal data were obtained from secure internet datasets. Eligible women were allocated at an even ratio from randomly-sized blocks, stratified for gestational age (< 29 or ≥ 29 weeks' gestation) and for participating center, to one of three monitoring strategies for delivery: (1) reduced fetal heart rate short-term variation (STV) (< 3.5 ms before 29 weeks and < 4.0 ms thereafter) on CTG; (2) early DV Doppler changes (PI > 95 th percentile -'DV-p95' group); and (3) late DV Doppler changes (A-wave at or below baseline -'DV-no-A' group). Abnormal DV measurements were confirmed by a repeat measurement within 24 h, if CTG results allowed this. In all groups, the timing of delivery could also be decided by safety-net criteria if the CTG showed recurrent decelerations in fetal heart rate or when STV in the DV groups was very low (STV < 2.6 ms before 29 weeks and < 3.0 ms thereafter).
The primary outcome was survival at 2 years of age without cerebral palsy, severe neurosensory impairment or low score (< 85) on the Bayley Scales of Infant Development.
This post-hoc analysis focused on determining an association between fetal monitoring data (CTG-STV, DV-PI, DV A-wave, UA-PI, middle cerebral artery (MCA)-PI and the UA-PI/MCA-PI ratio (U/C ratio)) that were available shortly before delivery and outcome (2-year neurodevelopmental outcome and fetal, neonatal and infant death).
Because the study protocol was restricted to management before 32 weeks and monitoring data thereafter were not stored (and DV waveform was not measured), we analyzed only the data of women who delivered before 32 weeks. Five women with inevitable fetal death and one with absent neonatal data who had remained in the primary published intention-to-treat analysis were excluded, as these circumstances precluded any exploration of an association between monitoring data and outcome. In five of these women, fetal death occurred because they declined intervention. In one case, no neonatal data could be provided after transfer to a neonatal intensive care unit in another hospital immediately after delivery. Furthermore, short-term data on 33 (9%) surviving infants who did not participate in follow-up after 2 years were excluded from endpoint data analysis.
Statistical analysis
Cut-off values for fetal monitoring data were those defined by the study protocol. For estimated fetal weight and birth weight, the ratio of weight to the 50 th -percentile weight adjusted for gestational age, maternal ethnicity, weight and height and infant gender (EFW-p50 and BW-p50, respectively) was calculated 3 . The effect of the most recent monitoring data before birth on long-term outcome was evaluated by univariable and multivariable analysis. Univariable analysis was performed using ANOVA, the chi-square test or the Kruskal-Wallis test, as appropriate. Multivariable analysis allowed for adjustment for relevant clinical details that were found to be significantly different between outcome categories in the univariable analysis. Significance levels for inclusion in, and exclusion of potential variables from, the model were set at P = 0.05 and P = 0.10, respectively. IBM SPSS version 22 (IBM Corp., Armonk, NY, USA) was used for statistical analysis.
RESULTS
Three hundred and seventeen of the original 503 FGR infants with known outcome (either perinatal death or follow-up examination at 2 years) included in the TRUFFLE study were delivered before 32 weeks and included in this post-hoc analysis (Table 1 ). For the purposes of further analysis, the two DV monitoring groups were combined to assess more precisely the association of abnormal DV Doppler with infant outcome. The primary outcome (2-year survival without neurological impairment) occurred more often in the DV groups (both 83%) than in the CTG-STV group (77%), although this difference was not statistically significant (P = 0.21). Nevertheless, when analyzing the group of surviving infants, the prevalence of neurological impairment in those with DV monitoring was half that in the CTG-STV group (14/190 (7%) vs 14/95 (15%); relative risk, 0.50 (95% CI, 0.25-1.00); P = 0.049; number-needed-to-treat, 13). Table 2 shows demographic, obstetric and neonatal data for infants with normal and impaired neurological development at 2 years of corrected age and those with perinatal mortality. At 2-year follow-up, 32 (10%) infants had died (seven fetal and 25 neonatal deaths). Causes of neonatal death that were not included in the study definition of severe neonatal morbidity were acute respiratory distress, multiorgan failure and clinical sepsis. Twenty-eight (9%) infants had impaired neurological development.
Pregnancies with normal infant outcome had been randomized at a later gestational age, and the EFW-p50 and BW-p50 ratios were larger than for those in which the infant died or had impaired development. All cases of fetal death (n = 7) occurred in pregnancies allocated to DV monitoring. Assessment of the monitoring parameters obtained shortly before fetal death showed that in only one case STV was below the cut-off used in the CTG-STV group, and the DV waveform was normal ( Table 3 ). All other cases of fetal death had either no STV assessment within 24 h before death or normal CTG according to the CTG-STV group protocol. In two cases, the last DV-PI measurement before death had been > 95 th percentile, but these cases had been allocated to the DV-no-A group.
Infants with a normal outcome were born at a later gestational age, with a higher birth weight and BW-p50 ratio, and had a low Apgar score less frequently than those with impaired outcome or death ( Table 2) . Severe composite morbidity at discharge was less likely in infants with normal outcome. Specifically, cerebral hemorrhage and periventricular leukomalacia were more frequent in infants with impaired outcome (21%) than in the normal outcome group (2%). Eighty-three percent of the liveborn infants survived without neurological impairment, although 28% of these had severe morbidity in the neonatal period. In contrast, 46% of the surviving infants with neurological impairment did not have severe morbidity during the neonatal period.
There were no differences in demographic, obstetric or neonatal characteristics between the monitoring groups and between infants who did and those who did not undergo follow-up at 2 years of age, corrected for prematurity (data published previously 2 ). Infants delivered after 32 weeks were included in the study at a later gestational age, with a larger estimated fetal weight and better outcomes than those included earlier, as would be expected.
Multivariable regression analysis of parameters at study inclusion demonstrated that gestational age, larger EFW-p50 ratio and lower U/C ratio were significantly associated with 2-year survival and normal outcome (Figure 1a ). Allocation to DV monitoring had a smaller effect (P < 0.1), but remained in the model. Multivariable analysis of parameters at delivery demonstrated that pregnancies with normal outcome were more likely to have been allocated to the DV groups, have a lower U/C ratio and higher birth weight and Apgar score, and more often delivered a female neonate (Figure 1b ). When this analysis was repeated including only the DV-PI of women with a last DV Doppler measurement within Table 1 Summary of inclusion of cases in post-hoc analysis of TRUFFLE study on preterm pregnancies with severe fetal growth restriction according to monitoring strategy for delivery: reduced fetal heart rate short-term variation on cardiotocography (CTG-STV), ductus venosus (DV) pulsatility index (PI) > 95 th percentile (p95) or absent DV A-wave Data are given as n (%), median (interquartile range) or mean ± SD. Percentages for fetal death and neonatal data were calculated from total number of included cases. Pearson's chi-square test used for comparison of CTG-STV group with both DV groups combined. *P = 0.049; †P = 0.21. GA, gestational age.
with impaired outcome, and a larger BW-p50 ratio was associated with normal outcome, while the other parameters were rejected from the model (Figure 1c) . The association between the last monitoring data before delivery or fetal death and the primary outcome is detailed separately for the CTG-STV and DV groups in Table 4 . The association of abnormal monitoring results with the primary outcome differed between these groups. In the CTG-STV group, absent or reversed end-diastolic (ARED) flow in the UA and a high U/C ratio were negatively associated with the primary outcome (Figure 2a ). In the DV groups, DV-PI > 95 th percentile was negatively associated with the primary outcome, and this effect was more pronounced for recurrent elevated DV-PI > 95 th percentile for more than 1 day (which was allowed by the study protocol) (Figure 2b ). The negative effect of DV-PI > 95 th percentile was not further enhanced when it occurred in combination with a STV below the cut-off used for the CTG-STV group and below the safety-net cut-off used in the DV groups and/or fetal heart-rate decelerations. Although the U/C ratio in the DV groups was the same as in the CTG-STV group and the incidence of UA-ARED flow was similar, the negative association of these parameters with the primary outcome that was observed in the CTG-STV group was absent in the DV groups.
DISCUSSION
This secondary sensitivity analysis of the data of the TRUFFLE study strengthens the conclusion of their primary intention-to-treat analysis, that perinatal outcomes are improved if DV Doppler measurements are combined with CTG-STV in the monitoring of fetuses with severe preterm FGR. Our analysis targeted infants who were delivered before 32 weeks in order to focus on the effect of the different monitoring techniques on infant outcome. We carried out an in-depth study of perinatal deaths and the association between the last measurements of fetal monitoring parameters with the primary outcome.
In this post-hoc analysis, both DV groups were combined to explore the association of 2-year neurodevelopmental outcome with DV Doppler measurements. This was justified because survival with normal neurodevelopment at 2 years of age, corrected for prematurity, was equal in both DV groups (83% in infants with known outcome). Normal outcome at 2 years of age was less frequent in the CTG-STV group (77%), but this difference was not statistically significant.
Perinatal mortality was similar between the CTG-STV and DV groups (10%); however, all fetal deaths occurred in the DV groups. Analysis of this antenatal mortality suggested a spurious result: 6/7 cases of fetal death would probably not have been delivered in a timely manner if they had been allocated to the CTG-STV group, as the last STV measurement was above the cut-off limits used for this group. Two cases of fetal death might have benefited from a DV-PI cut-off at the 95 th percentile instead of an absent A-wave as indication for delivery.
Multivariable analysis did not demonstrate a significant benefit for normal outcome in those randomized to the DV groups after adjustment for gestational age and EFW-p50 ratio. If analysis was restricted to those who were liveborn, assuming that the uneven distribution of fetal death between groups was by chance, there would be a statistically significant benefit of DV monitoring. This finding is in line with aggregated cohort evidence in a systematic review by Morris et al. 4 , which showed moderate predictive accuracy of longitudinal DV Doppler measurements for fetal/neonatal wellbeing in high-risk pregnancies (likelihood ratio, 3.15 (95% CI, 2.19-4.54)).
Analysis of the results of the different monitoring techniques shows that, with CTG monitoring, heart Data are given as mean ± SD, n (%) or median (interquartile range). Percentages for neonatal data were calculated from total number of liveborn infants. *Significant difference between groups, P < 0.05. †Components of severe morbidity: bronchopulmonary dysplasia (supplemental oxygen at 36 weeks), germinal matrix hemorrhage (GMH) Grade III or IV, periventricular leukomalacia (PVL) Grade II or III, necrotizing enterocolitis (NEC) (diagnosed by X-ray or laparotomy) or proven sepsis. ARED flow, absent/reversed end-diastolic flow; BMI, body mass index; EFW, estimated fetal weight; EFW-p50 ratio, ratio of EFW to EFW 50 th percentile; GA, gestational age; PI, pulsatility index; RED flow, reversed end-diastolic flow; UA, umbilical artery; U/C ratio, umbilical artery-PI/fetal middle cerebral artery-PI ratio. Last DV Doppler assessment recorded < 3 days before death and last umbilical artery (UA) Doppler assessment recorded < 1 week before death. CTG, cardiotocography; DV-no-A, absent A-wave in DV; DV-p95, DV pulsatility index (PI) > 95 th percentile; EDF, end-diastolic flow; GA, gestational age at delivery; STV, short-term variation; U/C ratio, umbilical artery-PI/fetal middle cerebral artery-PI ratio. 
Figure 1
Odds ratios for normal outcome at corrected age of 2 years in infants with fetal growth restriction delivered before 32 weeks' gestation, calculated by multivariable analysis of: (a) parameters at study inclusion (area under receiver-operating characteristics curve (AUC), 0.69); (b) parameters at delivery (AUC, 0.75); and (c) parameters in those with ductus venosus (DV) monitoring and a DV measurement < 3 days before delivery (n = 180; AUC, 0.75). Inclusion in model, P = 0.05; removal from model, P = 0.10. Allocation to DV monitoring forced to stay in model. BW-p50 ratio, ratio of birth weight (BW) to 50 th -percentile BW adjusted for gestational age, maternal ethnicity, weight and height and infant gender; EFW-p50 ratio, ratio of estimated fetal weight (EFW) to 50 th -percentile EFW adjusted for gestational age, maternal ethnicity, weight and height and infant gender; PI, pulsatility index; U/C ratio, umbilical artery-PI/fetal middle cerebral artery-PI ratio.
rate decelerations and UA-ARED flow are negatively associated with normal outcome, while this is not found for combined monitoring of DV waveform and CTG-STV. It might be that those at risk for neurological impairment with UA-ARED flow are delivered in a more timely fashion in the DV groups because of an abnormal DV measurement, although we cannot prove this because DV was not measured in the CTG-STV group after inclusion in the study.
Typically, abnormalities in UA/MCA flow precede abnormalities in DV flow pattern 5, 6 . Elevated U/C ratio and UA-ARED flow are known to be associated with adverse outcome in pregnancies with FGR 7 . Our findings confirmed this, but only in the CTG-STV group.
It is possible that Doppler assessment of the DV allowed 'fine tuning' of the timing of delivery and selection of a subgroup of fetuses with severe redistribution (U/C ratio) and placental impairment (UA-ARED flow) that were most at risk for cerebral damage.
The observations that elevated DV-PI or absent/reversed A-wave is associated with increased neonatal morbidity and adverse long-term infant outcome, and that abnormalities in DV flow are a stronger predictor of these outcomes than are abnormalities in UA flow have been noted previously 8, 9 . The current analysis, in which an abnormal DV flow pattern in the DV groups was associated with impaired neurological outcome, is consistent with these observations.
The difference in the associations of monitoring data and outcome between the CTG-STV group and DV groups, and the lower prevalence of neurological impairment among survivors in the DV groups, may support the hypothesis that, in some early preterm growth-restricted infants, cardiac dysfunction (abnormal Table 4 Last measurements of fetal monitoring parameters before delivery or fetal death according to neurodevelopmental outcome in preterm pregnancies with severe fetal growth restriction allocated to monitoring strategy for delivery of reduced fetal heart rate (FHR) short-term variation on cardiotocography (CTG-STV) or Doppler assessment of ductus venosus (DV) Data are given as n (%) or mean ± SD. Participants included if last CTG was < 24 h, last DV assessment was ≤ 3 days or last fetal arterial Doppler assessment was within 1 week of delivery or fetal death. Percentages total > 100 because some fetuses had multiple test results recorded within the relevant time period. Eight cases from CTG-STV group and eight cases from DV groups excluded because last CTG was ≥ 24 h before delivery. Twenty cases from DV groups excluded because last DV pulsatility index (PI) measurement was > 3 days before delivery. *STV cut-off for CTG-STV group. †Comparison of all outcomes: P < 0.05. ‡STV cut-off of safety-net criteria for DV groups. ARED, absent/reversed end-diastolic; UA, umbilical artery; U/C ratio, umbilical artery-PI/fetal middle cerebral artery-PI ratio.
DV assessment) can precede cerebral dysfunction (low CTG-STV). Thus, timely detection of these changes by DV monitoring (and subsequent action) can prevent neurological impairment in some fetuses. In others, this sequence can occur the other way round, with earlier STV abnormality or recurrent heart rate decelerations being the indication for delivery. In five cases of fetal death, the last DV measurement was within the normal range, but in two cases it was higher than the 95 th percentile. Frauenschuh et al. 10 found that, in four cases of severe placental insufficiency, DV flow prior to intrauterine fetal death was unaffected. Thus, it is possible that there is some variation in the effects of malnutrition and hypoxia on FGR fetuses, and the onset of organ damage may not follow the same pattern in all fetuses.
We included in our analysis only infants delivered before 32 weeks because, according to the study protocol and in actual practice, DV assessment contributed only to the decision to deliver before 32 weeks' gestation. The potential bias introduced by excluding differential delivery after 32 weeks by trial allocation group is likely to be small as inclusion and outcome parameters were equally distributed between the groups. Results from this analysis can therefore be applied only to women with FGR before 32 weeks.
This post-hoc analysis highlights some of the effects of DV monitoring that were obscured by the original intention-to-treat analysis in the TRUFFLE study. However, as with all post-hoc analyses, we advocate caution regarding the possibility of bias. Nonetheless, the current findings are consistent with the original data.
In conclusion, in accordance with the results of the overall TRUFFLE study on the monitoring and intervention management of very preterm severe FGR, we found that the difference in the proportion of infants that survived without neuroimpairment was non-significant when comparing timing of delivery with or without changes in the DV waveform. We speculate that the uneven distribution of fetal deaths towards the DV groups was a chance effect, and found that, among surviving children in these groups, neurological outcomes at 2 years of age were better. Adverse neurodevelopmental outcome Impaired outcome Odds ratio (95% CI)
Normal outcome
Figure 2
Odds ratios from univariate analysis for normal outcome at corrected age of 2 years specified for parameters at last cardiotocography (CTG) within 24 h, last fetal arterial pulsatility index (PI) assessment within 7 days or last ductus venosus (DV)-PI within 3 days before delivery in infants with fetal growth restriction randomized to CTG monitoring (a) or DV Doppler assessment (b) for delivery indication. ARED, absent/reversed end-diastolic; FHR, fetal heart rate; p95, 95 th percentile; STV, short-term variation; UA, umbilical artery; U/C ratio, UA-PI/fetal middle cerebral artery-PI ratio.
was significantly associated with abnormal DV-PI before delivery and a lower birth weight in surviving babies. Before 32 weeks, delaying delivery until abnormalities in fetal DV-PI or STV and/or recurrent heart rate decelerations occur, as defined by the study protocol, is therefore likely to be safe and possibly benefits long-term outcome.
